Abstract-In this contribution, the On-body propagation measurements at 40 m underground mine gallery and their statistical analysis are presented. Monopole antennas were installed on the body in order to form three on-body channels, namely belt-chest, belt-wrist and belt-head. The channel parameters of a 2 × 2 Multiple-Input Multiple-Output (MIMO) On-body system are evaluated and compared to the single-input single-output (SISO) system parameters. It was shown that the RMS delay spread and capacity values of the MIMO channels are higher than those of the SISO channels. The average value of the Ricean K-factor shows little difference between the MIMO and SISO beltchest measurements. The calculated capacity values for a constant signal to noise ratio (SNR) and those calculated at a constant transmitted power demonstrate that the propagation performance is significantly improved by using the MIMO compared to the conventional SISO scheme. Hence, MIMO technology is a suitable candidate for On-body underground communications.
INTRODUCTION
Wireless communications have been experiencing continuous developments and improvements during last years. Recent advances in wireless technology have led to the development of wireless body area networks (WBAN), where a set of communicating devices are located on or around the human body [1] . WBAN has emerged as a new technology that allows the data of vital body parameters and movements to be collected by small wearable or implantable sensors and communicated using shortrange wireless communication techniques to a close by command station [1] . It found applications in the industrial, entertainment, sport, military, and medical fields [1] . Unlike the regular radio frequency (RF) propagation systems, where the RF link is mainly affected by scattering (due to objects in the propagation environment) and multipath propagation (due to reflection), the On-body channels are influenced by the movement of the body as well as the antenna position on the body. For optimum channel performance, various issues need to be considered for On-body propagation, namely, the choice of antenna, its corresponding locations on the body, the frequency range, the effect of body movements, and the effect of scattering due to the environment and the body.
In fact, WBAN communication has been extensively explored in indoor environment and was recently investigated in underground mines [2] [3] [4] [5] . Various researches in the literature deal with Onbody communication systems particularly for patients' vital signs monitoring application [6] . The existing work on body-centric communication also focuses on the antenna design [1, 7] , antenna location on the body [8] , channel characterization [1, 9, 10] , and the effect of human body presence on the link performance [1] .
The On-body technology represents a feasible communication solution in mining environment applications, because of its ability to guarantee information delivery and environment conditions monitoring. In fact, the rising accidents' rates in the mining field push toward exploring new communication schemes destined to the safety of the miners. In this area, the On-body technology could be implemented to dynamically display the toxic gases' levels and the vital signs information to the miners. This allows a fast detection of potential problems which eases the decision making, thus improving the miners' safety and health. However, in a mine environment, the reliability of the wireless link is affected by short-term and long-term fading caused mainly by multipath communication and shadowing [2] [3] [4] [5] . This especially concerns the On-body channels where the communication is further deteriorated by the human body. Moreover, the On-body communication link performance depends on the allocated frequency band, the directivity of the transmitter (T X ) and the receiver (R X ) antennas and the type of considered diversity. Hence, in order to develop a reliable communication system dedicated to the safety of the miners, characterization studies of the On-body channels in a mine environment should explore the use of multiple antennas at the transmission and the reception.
Our previous work [4, 5] considered the SISO on-body channel characterization at 2.45 GHz industrial, scientific and medical band. This work concerns the use of multiple antennas at the transmitter and the receiver by mounting two transmitting and 2 receiving antennas at various positions on the body. Hence, 2 × 2 MIMO On-body channels are formed and used for in-mine measurements. Herein, the usefulness of multiple antennas at the transmitter and the receiver sides for the on-body channels are investigated. The maximum achievable capacity improvement due to the use of diversity is quantified. The effectiveness of diversity is also demonstrated in terms of improving the deep fade and the time dispersion parameters are examined.
In order to achieve the desired objectives, three On-body channels (Belt-Head, Belt-Chest and Beltwrist) were characterized with the body at different postures. The MIMO channel capacity was derived from the measurements assuming either a fixed transmitted power or a fixed SNR. The remainder of the paper is organized as follows: The proposed measurement scenarios are briefly discussed in Section 2 and the results are provided in Sections 3 and 4, respectively. Finally, Section 5 concludes the paper.
MEASUREMENT PROCEDURE
In an experimental gold mine of northern Quebec, measurements were performed at the 40 m level gallery of about 4 m in height and width. The measurement' environment consisted of floor, walls and ceiling of irregular geometries. The ceiling and walls contain many metallic nets and rods. The wall roughness (standard deviation) is estimated to be 6 cm with a maximum and average roughness thickness values estimated around 37 and 20 cm, respectively [11] . The temperature is maintained at 6 • C, with a humidity level of nearly 100% throughout the year. The 40 m underground gallery is illustrated in Fig. 1 .
In order to characterize the On-body SISO and MIMO channels in a mining environment at 2.45 GHz, three On-body channels were considered for measurements. For each On-body channel, the transmitting antenna set (T X ) was placed at the left side position of the belt. The receiving antenna set (R X ) was placed alternatively at the right side of the chest (R X 1), the right side of the head (R X 2), and at the right wrist position (R X 3), thus forming three On-body channels: belt-chest, belt-wrist, and belt-head as shown in Fig. 2 . The transmitting antenna set was placed to point upward, and the receiving antenna set pointing downward. The distance between the body and the antenna was kept at about 5-10 mm. The transmitting and receiving antennas were connected to the two ports of the Vector Network Analyzer (VNA). The system calibration is performed with the cables connected to the VNA in order to remove the losses introduced by the cables from the measured frequency response S 21 . After the calibration, all the parameters were configured, namely the transmitting power, the frequency range, and the number of points. The noise floor for the measurement was considered at −90 dBm. Fig. 3 shows the human test subject and antenna connections in the mine environment. The experiments were performed on a 1.80 m, 75 kg human male subject, in a very rough, dusty, and humid environment. In order to study the significance of using MIMO on the channel parameters, a 2 × 2 MIMO antenna set was used. These omnidirectional antennas have gain of about 2.2 dBi, bandwidth of about 10% and beam width of 360 and 65 • in the azimuth and elevation planes, respectively [12] . During measurements, 6 data snapshots were collected, and the S 21 parameter values are recorded for 6401 frequency samples around the center frequency of 2.45 GHz. These S 21 values are used in the post processing MATLAB codes in order to determine the channel parameters, as detailed in subsequent paragraphs.
QUASI-STATIC CHANNEL PARAMETERS' RESULTS
The WBAN propagation channel, in a mining environment, can be described by an impulse response h(t) where t denotes the time of the various paths of the transmitted signal. The WBAN channel is considered quasi-static when the distance, between the transmitting and receiving antennas, is fixed at each measurement instant (the channel remains constant during transmission). The impulse response is obtained by implementing an inverse Fourier transform to the measured frequency response. The channel transfer function (frequency response) H(f ) measured using the VNA may be modeled as follows [13] : where |H(f )| is the magnitude of the S 21 parameter measured by the VNA, and θ(f ) represents the phase. The other parameters often studied in the literature are: the RMS delay spread, the coherence bandwidth and the capacity [12, 14, 15] . We present below the results pertaining to these parameters.
Channel Impulse Response
By applying an inverse Fourier transform to the measured frequency response (S 21 ) values, the channel impulse response is determined for the SISO channels and the MIMO sub-channels. In the MIMO configuration, the impulse responses were determined as the arithmetic mean of the four sub-channels' impulse responses. From graphs presented in Fig. 5 , the SISO impulse responses exhibit a stronger line of sight (LOS) component for the belt-chest channel (−48 dBm) compared to the belt-wrist channel (−61 dBm) and the belt head channel (−53 dBm), when −10 dBm is allocated to the transmitter power. This is mainly due to the direct visibility provided by the belt-chest channel. In the MIMO configuration, the belt-chest channel remains the strongest link with a −51 dBm received power, as illustrated in Fig. 6 . It is observed that the deep fade is reduced in the MIMO results. 
Ricean K-factor
The Rician K-factor is an indication of link quality [1, 16] , measured as the relative strength of the direct and scattered components of the received signal, as expressed in the following equation [1] :
where A is the peak amplitude of the dominant component, and σ 2 refers to the variance of the channel impulse response h(t). The K-factor was calculated for each On-body channel and antenna setup. Table 1 denotes the Ricean K-factor statistics for the three measurements' channels in the SISO and MIMO configurations. It can be seen that the MIMO setup exhibits slightly higher k-factor results than the SISO setup for the belt-chest and belt-wrist channels. This is due to the fact that the MIMO multipath powers are generally smaller than their SISO counterparts due to the averaging of MIMO branch signals, which are unlikely to be at the same fade level at a certain instant [1] . Moreover, the standard deviation of the MIMO k-factor results is smaller than their corresponding SISO k-factor standard deviations. In fact, the averaging property of MIMO reflects smaller fluctuations of the received signal at the different snap shot, which explains the standard deviation results. Moreover, the results suggest a correlation between the K-factor and the T X -R X separation distance combined with a strong LOS component availability. Hence, the k-factor is higher for the belt-chest channel which is characterized by the smallest T X -R X separation and the strongest LOS component. 
RMS Delay Spread and Coherence Bandwidth
The RMS delay spread quantifies the time dispersive properties of a multipath channel. It was derived from the measurements using the following formulas [13] :
The parameterτ represents the mean excess delay andτ 2 the second moment of the power delay profile (PDP) [13] .τ
The parameter p(t k ) in Eq. (4) is the power of the kth path and t k is its corresponding delay. The parameter a 2 k is the overall time average of the squared magnitude of the impulse response (6 measurements are averaged for such calculation).
The coherence bandwidth is inversely proportional to the RMS delay spread and measures statistically the range of frequencies over which the channel can be considered flat [13] . It was calculated for a 50% correlation using the following approximation [13] :
Results show values of the RMS delay spread for the SISO channels in the rage of 15 ns to 59 ns, which correspond to coherence bandwidth (at 50% correlation) in the range of 3 MHz to 13 MHz as shown in Table 1 . The MIMO RMS delay spread results, denoted in Table 1 , are a little higher than the corresponding SISO results. This is due to the fact that the MIMO setup is able to collect more multipath components than the SISO setup.
Channel Capacity
The channel capacity is a measure of the theoretical maximum data rate per unit of bandwidth that can be reliably transmitted through a certain channel [17] . SISO channel capacity is derived from measurements using the following Shannon equation [18] :
where H is the normalized channel response and ρ the average signal to noise ratio (SNR).
The MIMO channel capacity (shown in Fig. 8 ) was also derived using the following equation [14] : where H is the normalized m × n channel response (m ≥ n), SNR av the average signal to noise ratio, and * the complex conjugate transpose. The H matrix is normalized such that at each realization, the square of its Frobeinius norm is equal to the product of its dimensions ( H 2 F = nm) [19, 20] . The results show that the channel capacity for a channel with a strong line of sight (LOS) component (belt-chest channel) is higher than the other channels with less strong LOS components. This result is valid for the average channel capacity (in Table 1 ) and for the CDF plots at a certain probability level (in Fig. 7 and Fig. 8 ). This is expected since a strong LOS component would result in a higher received power magnitude, and hence a higher SNR value. Detailed results for the average channel capacities of the SISO and MIMO channels are listed in Table 1 .
They show a clear improvement of the channel capacity due to the use of MIMO. This improvement depends on the number of multi-path' components and the strength of the LOS signal; hence, the Belt-wrist channel experienced an increase in capacity of about 3.1 bps/Hz and the Belt-chest channel capacity is improved by about 7.6 bps/Hz, due to the use of MIMO.
Channel Capacity for a Constant SNR
When the SNR is fixed, the effect of the multipath richness can be directly observed in the capacity CDFs and average values. In this case, the capacity includes only the effect of the multipath richness isolating the path loss effect. Therefore, this section deals with the capacity calculations using Eqs. (6) and (7) assuming a constant SNR. The CDF plots in Fig. 9 assume a SNR value of 20 dB, which was chosen large enough to guarantee that noise will not mask the results. These MIMO capacity CDFs show that at a constant SNR and for a probability level less than 80%, the belt-chest channel exhibits the highest capacity followed by the belt-head channel. Furthermore, the average MIMO capacity curves as a function of SNR emphasize this result as denoted by Fig. 10 . For a SNR of 20 dB, the belt-chest average capacity is 10.9 bps/Hz, the belt-head capacity is 9.48 bps/Hz and belt-wrist capacity is 7.95 bps/Hz. It seems that the sub-channels correlation is significantly reduced due to the creepingwave propagation which reduces the direct ray power, as explained in [14] . Moreover, the belt-chest and the belt-head channels exhibit similar multipath phenomena, probably because T X and R X are directly facing each other, in both channels. The belt-chest capacity is slightly higher than the belthead capacity, probably due to the fact that the main reflections from the walls and body parts are somewhat higher for the belt-chest channel. In the case of the belt-wrist channel, T X and R X main beams are pointing in different directions with the wrist mounted R X at a lower position than T X due to the length of the human subject arm (as represented in Fig. 2) . Hence, the multipath propagation is mainly due to the reflections from the walls and ceiling, since the creeping wave and body reflections will likely be directed away from R X . Moreover, the CDF curves denote less spread in capacity for the belt-chest channel. This can be explained by the minor variations of the received powers for the belt-chest channel due to the fixed T X -R X distance.
The improvement offered by MIMO over SISO is demonstrated through the capacity results. Ideally, for N × N MIMO channel, the capacity is increased N times for a fixed SNR level [21] . In this case, the throughput gain is less than 2 for all On-body channels due to some degree of correlation between the sub-channels. This throughput gain is found to be 1.6 for the belt-chest channel, 1.4 for the belt-head channel, and 1.2 for the belt-wrist channel. Hence, it can be concluded that the multipath richness is a significant factor in the capacity improvement.
DYNAMIC CHANNEL PARAMETERS' RESULTS
In addition to the measurement for a quasi-static channel, measurements were performed with different sets of movements for the three channels (Belt-Head, Belt-Chest, and Belt-wrist). The activity sets, and the corresponding capacity results for the three channels are given in Table 2 . The results show that the movement of the human body has a minor effect on the capacity. This is clearly demonstrated by comparing the capacity results for a movement where the T X -R X length remains somewhat constant to the average SISO capacity of the corresponding Quasi-static channel. For instance, the capacity for a belt-chest channel when sitting down (at a typing posture) is 8.9 bps/Hz, which is close to 9.0 bps/Hz that is found for a quasi-static channel. The length of the link, however, has a greater impact upon the capacity values (with variations from the average capacity values of a quasi-static channel reaching up to 5 bps/Hz, when the length of the R X -T X link endures a big change during the movement). These results are expected, since the speed at which the receiver moves with respect to the transmitter is negligible compared to the speed of light, making the observed frequency at the receiver (including the Doppler's effect), effectively the same as the emitted frequency. The channels are still effectively considered quasi-static. Table 2 represents the capacity values of the different On-body channels when the human subject undergoes certain typical body movements.
CONCLUSION
The significance of using MIMO for On-body channels in underground mines has been demonstrated through measurements for a 2 × 2 MIMO link. Three On-body channels have been considered for 2.45 GHz measurements. When a constant transmitted power is assumed, the channel capacity is highest for the belt-chest channel due to the small T X -R X separation and rich multipath phenomenon. The k-factor results are correlated to the capacity values at a constant transmitted power. These values reflect the multipath richness and the presence of a strong LOS component, which also explains the RMS delay spread results. The belt-chest channel, due to its strong direct ray, exhibits the smallest RMS delay spread value. The RMS delay spread values are higher for the MIMO setup compared to SISO because the MIMO setup is able to collect more multipath components than SISO. The capacity results for a fixed SNR suggest that the sub-channels correlation is significantly reduced due to the creeping-wave propagation which reduces the direct ray power. Furthermore, the capacity resultsfor certain typical body movements -reflect the T X -R X separation regardless of the body motions. This performance study allowed concluding that MIMO technology is a suitable candidate for on-body underground communications. Such communication systems can indeed improve the security and the productivity of the miners.
